Abstract. The aim of this study was to demonstrate the value of mechanistic simulations in gaining insight into the behaviors of modified release (MR) formulations in vivo and to use the properly calibrated models for prediction of pharmacokinetics (PK) and pharmacodynamics (PD). GastroPlus TM (Simulations Plus, Inc.) was used to fit mechanistic models for adinazolam and metoprolol that describe the absorption, PK, and PD after intravenous (i.v.) and immediate release (IR) oral (p.o.) administration. The fitted model for adinazolam was then used to predict the PD profile for a MR formulation and to design a new formulation with desired onset and duration of action. The fitted metoprolol model was used to gain insight and to explain the in vivo behaviors of MR formulations. For each drug, a single absorption/PK model was fitted that provided simulated plasma concentration-time profiles closely matching observed in vivo profiles across several different i.v. and p.o doses. Sedation score profiles of adinazolam were fitted with an indirect PD model. For metoprolol, the fitted absorption/ PK model for IR p.o. doses was used to select in vitro dissolution conditions that best matched the in vivo release of MR doses. This model also explained differences in exposure after administration of MR formulations with different release rates. Mechanistic absorption/PK models allow for detailed descriptions of all processes affecting the two drugs' bioavailability, including release/dissolution, absorption, and intestinal and hepatic first pass extraction. The insights gained can be used to design formulations that more effectively overcome identified problems.
INTRODUCTION
In vitro-in vivo correlations (IVIVCs) have become an integral part of the development of modified release (MR) formulations from the early stages of formulation development where the IVIVC is only assumed to scale up and postapproval changes (1) . Several levels of IVIVC are defined in Food and Drug Administration guidance documents, with level A (generally linear correlation with a point-to-point relationship) being the most common method utilized in formulation development (2) . A number of approaches for the development of level A correlations (relating the drug appearance in systemic circulation as deconvoluted from the plasma concentration (Cp)-time profile to the in vitro release profile) have been published over the years (3-11) and will not be described in detail here.
The focus of this study is on the mechanistic simulation of absorption, which so far seems to be underutilized in this field. These models can include all major processes relevant to absorption and elimination, including nonlinear dosedependent absorption, first pass metabolism in gut as well as in liver, limited "absorption window" for the compounds whose absorption is dependent on influx transporters with very narrow regional expression in gut, etc. (12) (13) (14) (15) (16) (17) (18) (19) . Many pharmaceutical research groups have published their applications of simulation and modeling using the advanced compartmental absorption and transit (ACAT) model in GastroPlus (20) (21) (22) (23) (24) (25) (26) (27) . By modeling each relevant process explicitly, the in vivo intestinal release profile can be deconvoluted, rather than only a profile of drug appearance in the systemic circulation (i.e., systemic availability as obtained from traditional deconvolution methods). Systemic availability can be affected not only by drug release from the formulation but also by first pass extraction in gut and liver, as well as saturable carrier-mediated transport. The mechanistic approach which incorporates all of these processes and takes into account how they might be affecting each other can provide better insights into a drug's in vivo behavior. This work describes how several different pieces of information available for the molecule (physicochemical parameters, in vivo data, in vitro dissolution data), when properly linked to the intestinal physiological parameters, can be used to design the formulation for a desired onset and duration of pharmacological effect as well as to avoid intestinal first pass extraction.
MATERIALS AND METHODS
All simulations were performed using GastroPlus TM software (Simulations Plus, Inc.), utilizing several of its features including the ACAT model to describe the drug's absorption, the PKPlus TM and PBPKPlus TM modules to describe pharmacokinetics, and the PDPlus TM module to describe pharmacodynamics. The ACAT model in GastroPlus simulated the absorption of adinazolam and metoprolol. This model is based on the original compartmental absorption and transit model by Yu et al. (28) , which was enhanced in GastroPlus by the incorporation of pH-dependent solubility and its effects on dissolution rate, metabolism in both gut and liver, possible absorption from stomach and colon, and other regional factors in the gastrointestinal tract (12) . The default parameters for individual compartments representing a typical adult human physiology (body weight ∼85 kg) in fasted state are listed in Table I .
PKPlus is a module in GastroPlus used to obtain standard compartmental PK parameters by fitting the one-, two-, or three-compartment models to single or multiple Cptime profiles after intravenous (i.v.) or oral (p.o.) administration. This module was used to fit the PK parameters for adinazolam by fitting a two-compartment model across seven Cp-time profiles after i.v. infusion administration of doses ranging from 5 to 20 mg. PBPKPlus is a module in GastroPlus that allows modeling the drug distribution and clearance using a physiologically based pharmacokinetic (PBPK) model. It includes the Population Estimates for Age-Related Physiology™ module used to create PBPK models with appropriate organ weights, volumes, and blood perfusion rates. All simulations in the current study were performed using a default physiology for a typical adult male. The PDPlus module expands the capability of GastroPlus for fitting direct or indirect PD models to the observed effect data. It was used to fit the PD model to adinazolam sedation score vs. time profiles and to predict changes in the onset and duration of PD response with changes to the adinazolam release rate from the formulation.
Adinazolam
Adinazolam is a triazolobenzodiazepine with antidepressant properties (29) . Extensive PK and PD studies have been performed to date using this drug. The in vivo PK data obtained from literature and used in the current simulations include Cp-time profiles after i.v. administration of doses ranging from 5 to 20 mg (30-33), p.o. administration of immediate release (IR) formulations of doses ranging from 15 to 60 mg (31, 32, (34) (35) (36) (37) (38) (39) , and p.o. administration of sustained release (SR) formulations of doses ranging from 15 to 60 mg (32, (38) (39) (40) . The in vivo PD data (sedation scores) were reported for p.o. IR formulations of doses ranging from 20 to 60 mg (34, 36, 38, 39) , and a 60-mg p.o. SR formulation. All i.v. administrations were constant-rate infusions administered over 10 (5 mg dose) or 30 min (10-20 mg doses).
The PKPlus™ module of GastroPlus TM (Simulations Plus, Inc.) was used to fit the volume of central compartment (V c ), clearance (CL), and the rate constants for drug transfer between central and one peripheral compartment (k 12 and k 21 ) for adinazolam simultaneously across seven observed Cp-time profiles after i.v. administration (31, (33) (34) (35) of doses ranging from 5 to 20 mg. The fitted PK parameters for these i.v. Cptime profiles were then used for all oral doses (IR and SR formulations). The Cp-time profile from a 15-mg oral solution dose (31) was used to fit the in vivo permeability (P eff ) and first pass extraction (FPE). The fitted P eff and FPE values were then used in the simulations of all remaining oral doses. The PDPlus™ module of GastroPlus was then used to fit therapeutic PD response (mean sedation score) with the Cptime profiles of adinazolam (34) . GastroPlus simulations were then used to predict the Cp-time profile and PD response profiles for release profiles with different release rates. Table II summarizes physicochemical, PK, and PD parameters used in adinazolam simulations.
Metoprolol
Metoprolol is a selective β 1 -receptor antagonist (42) whose absorption and pharmacokinetics have been extensively studied in man. The in vivo PK data obtained from literature and used in the current simulations include Cp-time profiles after i.v. infusion administration (42, 43) , jejunal and colonic perfusion (44) , p.o. administration of IR formulations (45, 46) , and p.o. administration of MR formulations (46, 47) .
The distribution and clearance were simulated using the PBPKPlus™ module of GastroPlus with a PBPK model. This model was based on the physiology (height, weight, tissue volumes, and tissue blood flows) of a typical 30-year-old male. The method of Rodgers et al. (48, 49) was used to estimate tissue/plasma partition coefficients (K p ). Initial estimates for metabolic clearance parameters (K m , V max , and enzyme expressions) in liver and gut were based on in vitro measurements in human liver and intestinal microsomes (50) . The in vivo V max in milligrams per second was extrapolated from the in vitro V max value using an average expression for CYP 2D6 in liver of 13 pmol/mg microsomal protein and an average amount of 38 mg of microsomal protein in human liver (51) (52) (53) (54) (55) (56) . Due to the high polymorphism in expression of 2D6 in the intestine and liver, the average expressions were modified for certain groups of subjects (the same expression level was used for all formulations from any particular study, while the same ratio of enzyme expression in intestinal compartments and liver was assumed for all groups of subjects). Renal clearance was estimated from glomerular filtration rate (GFR) and unbound fraction of metoprolol in plasma (F up ) as "GFR ×F up " assuming healthy subjects with normal GFR for ∼30-yearold adult. The accuracy of prediction of metoprolol distribution and pharmacokinetics using the PBPK model was verified in simulations of i.v. doses (42, 43) . The same PBPK model was then used to simulate jejunal and colonic perfusion studies. In these studies, a solution of metoprolol tartrate (130 mg/L) was perfused directly at the duodenojejunal junction or in the cecum at the flow rate of 4.5 mL/min over 150 min (44) . The Cp-time profile after colonic perfusion was used to fit the absorption of metoprolol from the colon. The model with fitted colonic absorption was used in simulation of metoprolol absorption after jejunal perfusion (44) and IR p.o. doses (45, 46) without further adjustments to drug absorption from either small intestine or colon.
The parameters fitted by the PBPK model and colonic perfusion data were used to simulate the Cp-time profiles after administration of MR formulations (46, 47) . The in vitro profiles for drug release from the formulation were used as defined in the same publication which was used as a source for the Cp-time profiles after administration of MR formulations (46, 47) . Table III summarizes physicochemical and PK parameters used in metoprolol simulations.
RESULTS AND DISCUSSION

Adinazolam
Cp-time profiles of adinazolam after various levels of i.v. and IR p.o. doses were successfully simulated with a single fitted model. The PK parameters were obtained by fitting to Cp-time profiles after i.v. infusion doses. The resulting correlation coefficients, R 2 , were in the range 0.8-0.96. The intestinal permeability and first pass extraction were fitted to the Cp-time profile after a 15 mg IR p.o. solution dose (R 2 = 0.94) using the PK parameters obtained from fitting the i.v. infusion doses. Without any further adjustments to the parameters, the fitted absorption/PK model was used to Table IV) .
The absorption/PK model fitted to i.v. infusion and IR p.o. doses was applied without further modifications to simulate the absorption and PK of the SR formulations. The in vivo release profile for the SR formulations was obtained by fitting a single release profile to best match the plasma concentration-time profiles for different dose levels (Fig. 2) .
Simulations with the fitted in vivo release profile match the experimental Cp-time profiles for the 15-45 mg doses with R 2 ranging from 0.73 to 0.93. Two experimental Cp-time profiles are available for the 60 mg SR dose. One of the experimental profiles after 60 mg dose is ∼30% lower than the simulated profile using the fitted in vivo release. The second experimental profile is well matched up to ∼9 h with the last data point (12 h) being underpredicted by ∼25%. The fitted in vivo release shows steady release over 12 h with apparent changes in release rates at times when the formulation would be moving between the distinct regions of gastrointestinal tract (stomach, small intestine, colon). The sustained release formulation of adinazolam allows for a gradual release over 12-16 h (60) . The in vitro release profile for the SR formulation was not published.
Two IR p.o. doses of adinazolam (20 and 40 mg) were used to fit a PD model to reported sedation score profiles (34) . The performance of the model was verified by predicting the 60-mg IR and SR dose (Fig. 3) . The model that best described the relationship between Cp-time and PD profiles was an indirect link model with an effect compartment. The use of indirect link model is also supported by the counterclockwise hysteresis in the plot of sedation score vs. adinazolam concentration (34) . This model incorporates a delay between the drug entering the plasma compartment and the time of exhibiting the pharmacologic action. The delay is due to redistribution to the effect compartment, the true site of the pharmacologic action. The distribution of drug between plasma and the effect compartment is described by Eq. 1:
where CL e is the clearance of the drug from plasma to the effect compartment, C p and C e are the drug concentrations in plasma and the effect compartment, and A e is the amount of drug in the effect compartment. The drug concentration in the effect compartment is then linked to the Sigmoid E max model described by Eq. 2:
where E 0 and E max are the baseline and the maximum response, respectively, EC 50 is the concentration at which 50% of the maximum response is observed, C e is the instantaneous concentration in the effect compartment, and γ . E 0 was arbitrarily set to 0. Indirect evidence suggests that the pharmacological effects of triazolobenzodiazepines, such as adinazolam, may be due to modulation of gamma-aminobutyric acid (GABA)ergic neurotransmission similar to benzodiazepines (61, 62) . Using an in vitro K d =28 nM for GABA-stimulated CL influx into membrane (41) as an estimate for EC 50 resulted in a PD model that described the onset of sedation effect of adinazolam.
The PD model fitted to sedation score profiles after 20 and 40 mg IR p.o. doses correctly predicted the onset and duration of action for 60 mg IR and SR p.o. doses (Fig. 3) . Administration of a 60-mg IR p.o. formulation which dissolved instantly in the gastrointestinal tract and reached plasma concentration of 0.06 μg/mL in about 20 min (the maximum plasma concentration obtained after administration of 60 mg SR p.o. formulation) results in an observed sedation score of 1 about 40 min after drug administration. As a result of slower release of drug from the SR formulation, the plasma concentration reaches 0.06 μg/mL in about 90 min and results in an observed sedation score of 1 about 130 min after drug administration.
This fitted absorption/PK/PD model combines information about drug properties and pharmacokinetics obtained after i.v. and IR p.o. administration to provide a comprehensive view of the drug's behavior in vivo. The model was used to predict the PK/PD behavior of SR formulations with different rates of drug release (Fig. 4) . This example demonstrates how a comprehensive model can be used to estimate the effect of changing formulation (changing release rate) on both PK and PD response and ultimately guide formulation development for optimum drug performance.
Metoprolol
The GastroPlus default PBPK model combined with in vitro clearance was used to describe metoprolol pharmacokinetics. The tissue distribution was described by K p s calculated using a modified Rodgers' method (48, 49) . The modification consisted of combining the two published equations for moderate to strong bases and all other compounds into a single equation. In the new equation, the contribution of the binding of neutral and anionic forms of molecules to tissue albumin and the contribution of the cationic form of molecules to tissue acidic phospholipids are directly related to the molecule's ionization state in plasma at pH=7.4. The volume of distribution calculated using the tissue volumes and in silico K p values was 275 L. The total volumes of distribution fitted to available sets of intravenous data (42) (43) (44) 63) ranged from 200 to 535 L. The metabolic clearance of metoprolol was predicted by scaling in vitro measured K m and V max values to in vivo conditions assuming 38 mg of values were 9% and 6% after i.v. and p.o. administration, respectively (42) . Simulated Cp-time profiles using this predicted PK model provided a good match to observed Cptime profiles after i.v. administration (Fig. 5) . A comparison of predicted PK parameters with previously published values for metoprolol is shown in Table V . The same PBPK model was then used in simulations of jejunal and colonic perfusion (44) . To match the Cp-time profile after colonic perfusion, the absorption of metoprolol from colon was increased 28.5 times from the absorption predicted by the default ACAT model (Fig. 5) . No further adjustments to absorption were required to match the Cptime profile after jejunal perfusion. The final model thus obtained was validated by predicting the Cp-time profiles for IR p.o. formulations (oral solutions). The R 2 values for the two predicted profiles were 0.8 and 0.95. The predicted profiles for IR p.o. formulations are shown in Fig. 5 .
Simulations of IR p.o. doses showed ∼50-60% bioavailability. Previously published reports showed 40-55% of a metoprolol dose reaching the systemic circulation (42, 63) . The simulated 40-50% first pass extraction was predominantly due to liver metabolism. The small intestine is predicted to have minimal contribution to the presystemic metabolism of metoprolol (2-3%).
This model with fitted parameters for colonic absorption was then used in simulation of MR formulations with varying in vitro release rates. The simulated MR formulations are hydrophilic matrix extended release formulations using hydroxypropyl methylcellulose as the release-rate-controlling excipient (66) . The three tested formulations differ in the rate of drug release from the formulation, with 100% being released in 3, 7, or 10 h in dissolution experiments using Apparatus I operating at 150 rpm and pH=6. 8 
. The in vivo
Cp-time profiles as well as in vitro release profiles obtained from different dissolution experiments (using Apparatus I and II operating at 50-150 rpm and pH=1.2 or 6.8) for all three formulations were used as reported in literature (46, 47) . Applying in vitro dissolution profiles from four different in vitro experimental conditions for the fastest releasing formulation (with 100% of drug released in 3 to 8 h in vitro depending on the conditions of dissolution experiment) showed significant differences in the predicted Cp-time profiles (Fig. 6) . Among the tested in vitro dissolution conditions, Apparatus I operated at 100 or 150 rpm and pH= 6.8 best represented the in vivo release for this formulation as judged by best match between simulated and experimental Cp-time profiles when using the in vitro release as an estimate of in vivo drug release.
Applying the dissolution profile from the experiment with Apparatus I operated at 150 rpm and pH=6.8 for two other formulations with different release rates also provided a reasonable match (R 2 =0.89) for the moderate-release-rate formulation (with 100% released in about 8 h in vitro), but overpredicted the terminal elimination phase for the slowreleasing formulation (with 100% released in about 12 h in vitro; Fig. 7 ). The area under the plasma concentration-time curve (AUC) for the slow-releasing formulation was overpredicted by 25%.
There are several possible explanations for this result: Differences in exposure (AUC) for formulations with different release rates can often be attributed to saturation of enzymatic or transport processes for fast-releasing formulations. In the case of metoprolol, this could be a saturation of intestinal and/or liver metabolism via CYP2D6, which would result in higher bioavailability for the fast-releasing formulation and lower bioavailability for the slow-releasing formulation. Lower AUC for metoprolol but higher AUC for metabolites would thus be expected with the slow-releasing formulation compared to the faster-releasing formulations. However, this was not the case. As reported in the literature (67) , both metoprolol and metabolites show lower AUC with the slowest-releasing formulation. The total AUC for metoprolol and metabolites after administration of the slowreleasing formulation is only ∼83% of the total AUC for metoprolol and metabolites after administration of the fastreleasing formulation.
Faster Transit Through Gastrointestinal Tract
Both small intestine and colon transit times were adjusted to match the times previously published for a nondisintegrating tablet (68) . The resulting total transit time for small intestine was 2 h and total transit time for colon was 15 h; however, significant overprediction of metoprolol concentration in plasma after ∼10 h remained. The total transit time through small intestine and colon would need to be decreased to 9.2 h (∼40% of typical intestinal transit time and ∼53% of intestinal transit time reported by Abrahamsson et al. (68) ) to obtain a good match to the experimental Cptime profile for the slow-releasing formulation.
Overestimated Colonic Absorption/Permeability
The absorption/permeability in cecum and colon was calibrated against direct colonic perfusion data (44) which showed that there is significant metoprolol absorption if the drug is present in solution. The colonic perfusion was administered by positioning the end of a double-lumen tube CL m metabolic liver clearance, CL r renal clearance, CL total total systemic clearance, V ss steady-state volume of distribution, F bioavailability, PBPK physiologically based pharmacokinetic in cecum. If the absorption rate from the cecum was much faster than the transit time into the ascending colon, all the perfused drug might have been absorbed directly from cecum without any significant absorption from colon. Refitting the absorption from cecum and colon under this assumption resulted in an acceptable match to the Cp-time profile after colonic perfusion (R 2 =0.85) with cecum/colon absorption ratio after colonic perfusion 80:20. The match with the Cptime profile after colonic perfusion was therefore slightly worse than the original optimization of drug absorption from cecum and colon with unrestricted colon absorption (R 2 = 0.95) where the cecum/colon absorption ratio was 60:40. However, the new absorption model resulted in a slight improvement in the prediction of the Cp-time profile from the slow-releasing formulation with only 20% overprediction in AUC (Fig. 8) . The simulation results for the IR p.o. and the two-faster releasing MR p.o. formulations were not significantly affected by the change in cecum/colon absorption ratio.
Incomplete Drug Release in Colon
By the time this slow-releasing formulation reaches the colon, there is only about 10% of the drug left in the core of the tablet and the low volume of fluid available in colon may not be sufficient to penetrate into the formulation and dissolve the remaining amount of drug. This option should not be understood as the inability to design a MR formulation to release drug in colon, rather, only as a possibility that this particular formulation might not be releasing the drug completely. Simulation with incomplete release of drug from slow-releasing formulation resulted in improved prediction of the Cp-time profile with AUC overpredicted by only 14% (Fig. 8) .
In Vitro Release is not the Same as In Vivo Release
Based on the in vitro release and Cp-time profiles for the fast-releasing formulation, it appears that Apparatus I operated at 150 rpm and pH=6.8 sufficiently reproduces in vivo conditions. However, it is possible that assuming that in vitro release = in vivo release does not extrapolate well to formulations with slower release. A separate IVIVC was constructed by fitting an in vivo release profile to obtain the best possible match to the Cp-time profile for the slowreleasing formulation, followed by finding the correlation between the fitted in vivo release and in vitro release obtained using Apparatus I operated at 150 rpm and pH= 6.8. The final correlation function was y ¼ À0:5033x 2 þ 1:4971x , where y represents in vivo release and x is in vitro release. Using the fitted in vivo release profile improved the shape of the simulated Cp-time profile, but the total AUC was still overpredicted by ∼25%.
To summarize these options, the most likely explanations are either the incomplete release of drug from the slowreleasing formulation or a very low absorption rate of metoprolol from colon (assuming that most of the drug after colonic perfusion was being absorbed from cecum). Either one of these hypotheses is partially supported by the lower AUC for the slow-releasing formulation compared to the faster releasing formulations, as well as by direct comparison of the experimental Cp-time profiles from moderate-and slow-releasing formulations (Fig. 7) . The terminal elimination phases (after ∼10 h) in vivo overlap for the two formulations, but at the early times, the slow-releasing formulation results in significantly lower plasma concentrations. The lower plasma concentration in the initial phase is a result of the smaller amount of drug that is released in the first few hours. However, if the slow-releasing formulation continued releasing the entire amount at the rate observed in vitro and the drug was getting absorbed from colon, it should produce plasma concentrations higher than the moderate formulation in the later phases (after ∼10 h). The match between experimental and simulated Cp-time profiles after colonic perfusion and MR p.o. administration of slow-releasing formulation as well as comparison of experimental and simulated AUCs from slow-releasing formulation slightly favors the incomplete release hypothesis (colonic perfusion R 2 = 0.95, slow-releasing formulation R 2 = 0.96, AUC overpredicted by 14%) over the low colon absorption hypothesis (colonic perfusion R 2 = 0.85, slow-releasing formulation R 2 =0.94, AUC overpredicted by 20%). The results of both simulations are shown in Fig. 8 .
CONCLUSIONS
Mechanistic absorption/PK models were constructed for adinazolam and metoprolol. Both models have shown applicability across a wide range of i.v. and IR p.o. doses. The adinazolam model was linked to a PD model for prediction of PD effect for different MR formulations and to design a release rate to produce a desired onset and duration of PD effect. The metoprolol model provided insights into the possible behavior of MR formulations in colon.
